Abstract 23
The composition, concentration, and size of submicron particulate matter (PM 1 ) were 24 measured at five-minute resolution by an Aerodyne high-resolution time-of-flight aerosol mass 25 spectrometer (HR-ToF-AMS) at a semi-rural location northwest of the Dallas-Fort Worth, TX, 26 area during June 2011. Because of increased organic aerosol (OA) levels, focus here is placed on 27 the period from June 17-30. The total measured PM 1 mass concentration ranged between 1.1 and 28
16.5 µg m -3 , with a mean of 4.4 ± 2.6 (one s.d.) µg m -3 . Significant variability is observed in the 29 time series of total PM 1 and of four individual HR-ToF-AMS species, particularly between June 30 21 and 25. The average PM 1 composition was dominated by OA (55.0 ± 14.8%) and sulfate 31 (30.7 ± 12.3%). Organic aerosol concentrations were correlated positively with carbon monoxide 32 (CO) (R = 0 .81). This study uses a variety of aging metrics and their relations to OA/ΔCO to 33 characterize secondary organic aerosol. Photochemical age is estimated by using the toluene to 34 benzene ratio. The average photochemical age was 26.7 ± 5.3 hours. Other metrics of age used 35 in this work include the ratio of sulfate to total sulfur and the ratio of nitrogen oxides to total 36
Introduction 44
Despite established National Ambient Air Quality Standards, high concentrations of 45 particulate matter (PM) still occur in some regions of the United States. The presence of PM in 46 the troposphere impacts climate, visibility, and public health. Aerosols affect Earth's climate 47 processed POA (Zhang et al., 2005; Jimenez et al., 2009; Ulbrich et al., 2009; Huang et al., 113 2010) . In this case, LV-OOA (termed OOAI in previous studies) represents the factor that 114 exhibits a greater extent of oxidation, and SV-OOA (termed OOAII in previous studies) is that 115 which is less oxidized. As a proxy for SOA mass concentration, pSOA is calculated as the sum 116 of LV-OOA and SV-OOA. 117
The PILS provides an online measurement of water-soluble ionic aerosol chemical 118 composition at a resolution of 16 minutes. The PILS collects particles by growing them through 119 exposure to a saturated steam environment and then causing their impaction on a surface. A 120 solution containing aerosol species for injection to the ICs (Dionex ICS 1600) is generated by 121 washing the impaction surface with deionized water (Weber et al., 2001; Orsini et al., 2003 Figure S1 ). The average aerosol composition was 145 dominated by organic matter (55.0 ± 14.8%) and sulfate (30.7 ± 12.3%), followed by smaller 146 contributions from ammonium (10.7 ± 3.8%), and nitrate (3.1 ± 1.5%). Over the campaign, the 147 average sulfate mass concentration was 1.2 ± 0.8 µg m -3 , with a range of 0.2 to 6.7 µg m -3 . The 148 rapid increase in the sulfate concentration on the night of June 24 also is observed in SO 2 mixing 149 ratios and particle number concentrations (not shown) ( Figure S2 ). The time series of ammonium 150 and sulfate are well correlated (R = 0.98, Figure S3 ), indicating the predominance of ammonium 151 sulfate relative to ammonium nitrate. This is expected due to the high temperatures during the 152 sampling period and indicates the general aged quality of the inorganic aerosol. during periods of pSOA formation due to both requiring photochemical oxidation (Cabada et al., 173 2004; Liu et al., 2011) . The positive correlation between O x and pSOA also has been reported in 174 air masses affected on relatively short timescales (less than eight hours) and with no significant 175 local NO 2 sources (Herndon et al., 2008; Wood et al., 2010) . 176
The times series for pSOA, O 3 , and O x track each other well for the DFW campaign. (Hayes et al., 2013) 195 and Changdao, China (-0.63) (Hu et al., 2013) . 196 Carbon oxidation state (OSc = 2*O:C -H:C) describes the extent of OA processing and 197 usually ranges between -2 to +1 for observed OA (Kroll et al., 2011) . Lower OS c represents 198
HOA (between -1.7 to -1.6), while OOA typically has an OS c between -0.5 to +0.9 (Kroll et al., 199 2011) . In this dataset most of the OSc values fall between -0.5 and +0.5, with a mean of -0.2. 200
The mean and median values are close to each other, which suggests relatively little impact of 201 events characterized by atypical levels of either type of OA. Figure S5 CST suggesting a higher oxidation state during daytime, as expected. 204
OA/∆CO Analysis 205
Analysis of the ratio of OA to CO has been used previously to investigate the aging and 206 formation of SOA (Kleinman et al., 2008; DeCarlo et al., 2010; Hayes et al., 2013) . Carbon 207 monoxide is a fairly conservative pollutant with a lifetime with respect to hydroxyl radical (OH) 208 oxidation on the order of two months. Therefore, any dilution effect on the time scale of hours to 209 days can be minimized by analyzing the ratio of OA to CO (Hodzic and Jimenez, 2011) . 210
Because CO and POA generally have similar emission sources, their concentration ratios are 211 expected to be somewhat constant in a source region over a short timeframe (Hodzic and 212 Jimenez, 2011) . Consequently, any increases in the ratio of OA to ∆CO (measured CO minus 213 background CO) can be used as an indicator of SOA formation. 214
To calculate the OA/∆CO (µg m -3 ppmv -1 ) ratio, the fifth percentile of CO mixing ratio 215 (ppmv) is used as a background level (0.085 ppmv) and subtracted from measured values in this 216 study (Cottrell et al., 2008) . The average OA/∆CO in the DFW region was 113.9 ± 60.8 µg m -3 ppmv -1 , with a range of 224 23.9 and 346.9 µg m -3 ppmv -1 (Table 1) . Figure 1 shows a diurnal profile of the ratio, along with 225 diurnal profiles of OA and CO alone. 
Airmass Aging Metrics 241
Photochemical age and other aging surrogates were used to evaluate the extent of processing 242 and for intercomparison in the DFW area. It is important to note that these values are only 243 approximations/proxies of the airmass age because the calculation of the real age is more 244 complicated, requires reaction rates and oxidant levels, and depends on atmospheric conditions. 245
However, it should be noted that all metrics presented here are expected to increase with airmass 246 aging. In addition, it is hypothesized that relationships between OA/ΔCO and any of these age 247 metrics may allow insight into processes relevant for pSOA. An error and statistical analysis is 248 presented in the supplemental information. 249
Sulfur 250
The processing of the observed airmasses with respect to SO 2 is calculated by the ratio of 251 sulfate from the HR-ToF-AMS to total sulfur (assuming sulfate and SO 2 constitute total sulfur), 252 SO 4 2-/ (SO 4 2-+SO 2 ), because over time emitted SO 2 is oxidized to sulfuric acid which then forms 253 SO 4 2- (Quinn et al., 2005) . The photochemical age is expected to increase with the increase in the 254 ratio of SO 4 2-/ (SO 4 2-+SO 2 ). Because sulfur is predominantly emitted from coal-burning power 255 plants, this aging metric is similar to the concept of plume age (Springston et al., 2005) .
The SO 4 2-/ (SO 4 2-+SO 2 ) values range between 0.4 and 0.8, and no significant diurnal profile 257 is observed. The average sulfate aging metric is 0.6 ± 0.1 (Table 1) . The observed sulfate aging 258 metric values were comparable to those measured in Ontario, Canada (Hayden et al., 2011) . 259 
NO x /NO y 277
The processing of the airmass with respect to NO x is approximated with the value of -log 278
(NO x /NO y ). Nitrogen oxides, which are emitted mostly by fossil fuel combustion, are oxidized 279 to species such as nitric acid, nitrous acid, nitrate radical, dinitrogen pentoxide, peroxynitric acid, 280 and peroxyacetylnitrate (and its analogs) as the air is processed photochemically. Because NO y 281 includes both NO x and all of its oxidation products, photochemical age increases with the 282 increase of -log (NO x /NO y ) ratio, and smaller values represent fresh emissions (Kleinman et al., 283 2007; DeCarlo et al., 2008; Slowik et al., 2011) . For fresh emissions, -log(NO x /NO y ) = 0, and 284 when NO x is 10% of NO y , -log(NO x /NO y ) = 1 (Kleinman et al., 2008) . This metric represents 285 aging with respect to a combustion source. 286
The -log(NO x /NO y ) ranged between 0.0 and 0.8 and showed a significant diurnal profile (not 287 shown). The aging metric starts to increases at 0630 CST, peaks around 1530 CST, and keeps 288 decreasing overnight. The average metric value was 0.3 ± 0.2 (Table 1) . The observed -289 log(NO x /NO y ) values were similar to those observed by Slowik et al. (2011) 
in southwestern 290
Ontario and smaller than those observed by Kleinman et al. (2007) with fresher airmass age, likely signifying that OA processing and formation are more rapid in 301 fresher airmasses. Compared to the sulfur aging metric, the NO x aging metric is more likely to 302 reflect local processes. Kleinman et al. (2007 Kleinman et al. ( , 2008 Photochemical age, Δt, with respect to hydrocarbons (toluene and benzene) is estimated as 312 (Roberts et al., 1984) . 313
(1) 315 316 where brackets represent mixing ratios (PTR-ToF-MS ambient measurements in ppb for toluene 317 and benzene) or number densities (for OH, assumed for the entire data set to be 3x10 6 molecules 318 cm -3 ) and k t and k b are the rate coefficients (not temperature-corrected) for the reaction of OH 319 with toluene (5.63×10 -12 cm 3 molecule -1 s -1 ) and benzene (1.22 ×10 -12 cm 3 molecule -1 s -1 ), 320
respectively (Atkinson and Arey, 2003; de Gouw et al., 2005) . The initial ratio of toluene to 321 benzene is assumed to be 1.4 based on Texas emission inventories (Zhou et al., 2012) .
Photochemical age values are zero when the toluene to benzene ratio is equal to that at the point 323 of emission. Toluene and benzene mixing ratios ( Figure S7 ) during the campaign are shown in 324 the supplementary information. 325
Photochemical age values ranges between 13.9 and 38.1 hours. Table 1 shows the average 326 photochemical age was 26.7 ± 5.3 hours. The photochemical age range is similar but slightly 327
higher than values calculated by Cottrell et al. (2008) at Thompson Farm in semi-rural New 328
England, which is slightly further from a major metropolitan area, Hayes et al. (2013) in 329 Pasadena, CA, and Hu et al. (2013) in Changdao Island, China. 330 Figure 6a shows the time series of OA/ΔCO colored as a function of photochemical age with 331 respect to the toluene to benzene (predominantly anthropogenic hydrocarbons) ratio. While a 332 decrease in OA/ΔCO ratio is observed between June 17 and 21, after June 21, a more 333 pronounced positive relation is observed (Figure 6a ). As illustrated in Figure 6b , the positive 334 correlation between OA/ΔCO and the photochemical age is valid only up to approximately 30 335 hours, after which OA/ΔCO decreases with age. This could indicate dilution by fresh airmasses 336 high in CO. It also could mark a point where further aging leads to a decrease in OA, as has 337 been suggested by Murphy et al. (2012) and observed in an aging of emissions within a tunnel 338 (Tkacik et al., 2014) . Their hypothesis is that fragmentation (as opposed to functionalization) of 339 organic molecules will lead to their repartitioning to the gas phase. Rapid enhancement of OA 340 over excess CO on the time scale of one day and a slower OA enhancement after a one-day 341 period have been observed in other studies such as the New England Air Quality Study in 2002 342 (de Gouw et al., 2005) 
349
Error bars show the range of data.
351

Conclusions 352
The 
Uncertainty Analysis 594
The upper-lower bound method was used to estimate the maximum uncertainties in 595 OA/ΔCO and age metrics. Analytical uncertainties of relevant measurements and estimated 596 maximum uncertainties of OA/ΔCO, SO 4 2-/ (SO 4 2-+SO 2 ), -log (NO x /NO y ) and photochemical 597 age are summarized in Table S1 . Differences in diurnal profiles and in the comparisons shown 598 in Figures 4b, 5b , and 6b were evaluated using a student's t-test; results supported statistical 599 differences from hour to hour in diurnal profile and in the relationships shown in Figures 5b and  600 6b. 601 602 Toluene 15% (Kim et al., 2015) Photochemical Age 26% Benzene Figure S6 . Time series of NO x (gray) and NO y (black) mixing ratios (ppbv). 606 607 Figure S7 . Time series of toluene (gray) and benzene (black) mixing ratios (ppbv).
